Heritiera fomes is a mangrove tree which is widely distributed in the Sundarbans mangrove forest, Bangladesh. In this study, the EtOH extract of stem bark from H. fomes was shown to be rich in procyanidins. Trimeric, pentameric and hexameric procyanidins were identified in addition to highly polymeric material (average degree of polymerization 18-24). Bioactivity studies showed high DPPH radical scavenging and 15-lipoxygenase (15-LO) inhibiting activities of the bark extracts (EC 50 = 19.4 ± 1.7 and IC 50 = 22 ± 1 μg/mL, respectively) which could be ascribed to its high content of procyanidins. The procyanidins were also assayed as DPPH scavengers and 15-LO inhibitors, with EC 50 and IC 50 values in the range of 8-15 and 10-15 μg/mL, respectively. The bark extracts showed antibacterial activities against K. rhizophilia, S. aureus, B. subtilis and P. aeruginosa, as well. No toxicity was observed in the brine shrimp assay.
The tree Heritiera fomes Buch.-Ham. (Sterculiaceae) (syn. Heritiera minor Roxb.) is one of the most extensively occurring tree species in the Sundarbans [1] . The tree plays an important role as a source of timber and fuel wood from the Sundarbans [2, 3] . In spite of its widespread distribution, only a few phytochemical works have previously been undertaken. Lipids, waxes, friedelin, triacontanol, taraxerol, β-amyrin, β-sitosterol and tannins are reported from the leaves and bark [4, 5] . Tannins from the plant appear to remain uncharacterized. Biological properties are poorly studied. In our studies on phytochemistry and biological activity of mangrove plants from the Sundarbans we were interested in the identification of bioactive compounds from the stem bark of H. fomes and to investigate their radical scavenging, 15-lipoxygenase inhibiting and antimicrobial activities.
There is a growing interest in the antioxidant activity of natural compounds. Proanthocyanidins are among the most abundant natural phenolics in nature and have strong antioxidant properties [6] [7] [8] [9] [10] . The proanthocyanidins present in the fruits, seeds, bark and leaves of many plants are thought to play a role in protecting the plants from microorganisms, insects and larger herbivores. In addition, they are the bioactive compounds in many medicinal plants demonstrating antiviral, antibacterial, anticarcinogen, enzyme inhibiting, antioxidant and radical scavenging properties [6, 11, 12] . Recent studies indicate that proanthocyanidins are important constituents of antidiarrhoeal medicinal plants [13] this being shown in Guazuma ulmifolia, a Sterculiaceae. The compounds are thought to interact with cholera toxins, thus inhibiting the diarrhoeal effects of cholera [14] . Dragon's blood (Croton lechleri sap) is a further example of a traditional antidiarrhoeal plant utilized in the production of the Dragon's blood extract named SP-303™ (Provir) [15] . It has been suggested that the proanthocyanidinrich SP303 ™ may act by inhibition of fluid accumulation and chloride secretion [16] .
H. fomes bark was extracted with 80% EtOH and NMR spectra showed that the EtOH crude extract contained large amounts of proanthocyanidins. The crude extract was distributed between water and solvents of different polarity (CHCl 3 , EtOAc and n-BuOH) to yield the BuOH extract as the major fraction (42% weight of crude extract). The CHCl 3 extract was fractionated and found to contain the phytosterols stigmast-4-en-3-one, stigmasterol and β-sitosterol by comparison with spectroscopic data and reference compounds [17, 18] . β-Sitosterol was previously reported from H. fomes [4] , while stigmast-4-en-3-one and stigmasterol are reported for the first time. The lipophilic substances in the bark were minor constituents since the bark crude extract yielded only 2.3% CHCl 3 extract. NMR spectroscopy of the EtOAc extract indicated high amounts of catechins and proanthocyanidins. Fraction E3 and E4 from column chromatography over Sephadex LH-20 of the EtOAc extract were the major fractions and exhibited high antioxidant activity. Rechromatography of E3 yielded epicatechin. E4 was found to contain trimeric procyanidins, with epicatechin and catechin in the approximate ratio of 6:1 as indicated by integration of the 13 C NMR spectra [19] . Phloroglucinol degradation resulted in the cleavage of the terminal flavonoid units, identified as epicatechin, and the capture of the extender units by phloroglucinol, identified as epicatechin (4β→2) phloroglucinol and catechin (4β→2) phloroglucinol. Thus E4 was identified as procyanidin trimer, with epicatechin as the starter unit linked to epicatechin and/or catechin. From NMR experiments, however, it proved difficult to assign the bonds between monomers as 4→6 or 4→8 type [20] . NMR spectroscopy showed the BuOH extract to contain oligomeric proanthocyanidins with an average chain length of eight units comprising predominantly epicatechin. The BuOH extract was chromatographed over Sephadex LH-20 and among the sub-fractions (17), fraction B3, B6, B9 and B14 were chosen for further structure elucidation. Pure B3 yielded a procyanidin trimer (67% epicatechin, 33% catechin). Structure elucidation ( 13 C NMR) and phloroglucinol degradation showed that B6, B9 and B14 contained procyanidins with increasing chain length ( Figure 1 ) and varying epicatechin:catechin ratio (B6 3:1; B9 6:1; B14 9:1). All procyanidins analyzed in the fractions from the BuOH and EtOAc extracts were found to be composed of epicatechin as the starter unit and both catechin and epicatechin as extender units, with epicatechin in highest amounts. Presently it has not proved possible to give an exact quantification of the procyanidins. However, the EtOAc extract (8% of the crude extract) contained more than 50% trimers (EtOAc extract), and the BuOH extract consisted of a mixture of oligomeric procyanidins with hexamers in highest amounts. NMR analysis also indicated that the aqueous residue was rich in proanthocyanidins. The acetone soluble fraction of this was found to contain higher polymeric proanthocyanidins (average chain length of 18, predominantly epicatechin), and the methanol soluble yielded polymers of 24 units or more, 12% catechin:88% epicatechin). It should be realized that, especially for the higher polymers, the above data represent average values. It is most likely that the fractions are heterogenous and containing several closely related substances.
The EtOH crude extract from H. fomes bark showed high diphenylpicrylhydrazyl (DPPH) radical scavenging and 15-lipoxygenase (15-LO) inhibiting activity ( Table 1 ). The activities were amplified in the semipolar EtOAc, BuOH and aqueous fractions (all rich in procyanidins), while the lipophilic CHCl 3 extract was almost inactive in the DPPH and 15-LO tests. We have shown previously that plant extracts rich in proanthocyanidins are highly active as radical scavengers and 15-LO inhibitors [21, 22] . Epicatechin and some of the procyanidin-rich fractions were tested, as well. They were strong DPPH scavengers and inhibitors of 15-LO. Small differences in activity were observed between the trimer, pentamer and hexamer procyanidins (Table 1) . (Table 2 ). The extracts had bacteriostatic effect on P. aeruginosa (G-), but no effect on E. coli and C. albicans was observed. The results are similar to the antibacterial effects previously observed for the procyanidin rich trees X. granatum and X. moluccensis [22, 23] . The procyanidins from H. fomes demonstrate reasonable antibacterial activity.
The brine shrimp lethality of the extracts (EtOH, CHCl 3 , EtOAc and BuOH) were less than 50% from 10 to1000 μg/mL, indicating low toxicity.
Conclusions:
This study has revealed a high content of procyanidins in the stem bark extracts of H. fomes.
The procyanidin composition was more highly polymerized in the BuOH soluble extract than in the EtOAc extract. Epicatechin was found to be starter unit, and both catechin and epicatechin were identified as extender units. NMR spectra showed a higher proportion of epicatechin compared to catechin in the fractions analyzed. The phytochemical analysis did not show content of proanthocyanidin dimers. Extracts obtained from H. fomes showed high activity both as radical scavengers and 15-LO inhibitors. This could probably be ascribed to their high content of procyanidins.
Based on the biological activities of procyanidins, both in vitro and in vivo, the presented data indicates that H. fomes has a medicinal potential. A number of studies have shown that plants rich in proanthocyanidins have a potential against diarrhoeal diseases. Thus, recent studies have shown that the procyanidin rich bark of two Xylocarpus trees had antidiarrhoeal effects on mice [24, 25] . Proanthocyanidins have low degree of absorption from the GI tract. Proanthocyanidins are therefore speculated to exert local activity in the GI tract which may be particularly important when the intestine is exposed to oxidizing agents. The antioxidant and antibacterial effects of H. fomes, shown in the presented study, may therefore have a beneficial local effect if taken orally. 
Extraction and isolation:
The air dried stem bark of H. fomes was ground to a fine powder (350 g) and extracted with 80% EtOH (1600 mL) at room temperature for 5 days. The extract was filtered and concentrated in vacuo to yield 36 g (10% of total amount) of EtOH crude extract. The crude extract (30 g) was suspended in 350 mL distilled water and then extracted successively with CHCl 3 (4 × 200 mL), EtOAc (6 × 400 mL) and n-BuOH (7 × 200 mL). The solvents were removed in vacuo and resulted in a CHCl 3 extract (0.7 g), an EtOAc extract (2.6 g), a BuOH extract (13.0 g), an aqueous residue (0.3 g) and a final precipitate (7.9 g).
The CHCl 3 extract (600 mg) was subjected to silica gel VersaPak CC. The applied sample was eluted with CHCl 3 (300 mL), CHCl 3 /EtOAc 2:1 (300 mL), CHCl 3 /EtOAc 1:2 (300 mL) and EtOAc (300 mL) yielding fractions C1-C16. C4-6 (eluted with CHCl 3 /EtOAc 1:2) (237 mg) was applied to a VersaPak silika cartridge and chromatographed with hexan/EtOAc 4:1 (430 mL), 1:1 (400 mL) and 0:1 (200 mL). Fraction C4-6.2-4 (73 mg) was then purified by preparative normal phase TLC hexane/EtOAc 3:1 to yield stigmast-4-en-3-one (Rf = 0.6) (12 mg). Fraction C4-6.5 was found to contain a mixture of stigmasterol and β-sitosterol (11 mg). The EtOAc extract (2.0 g) was chromatographed over Sephadex LH-20 (35 x 490 mm) by using a gradient of MeOH/H 2 O 1:1-1:0 (3800 mL) as mobile phase. Fraction E3 (521 mg) was further purified by C18 CC (28 x 145 mm) with MeOH/H 2 O 1:1-1:0 (500 mL) as mobile phase yielding epicatechin. Fraction E4 (454 mg) was degraded with phloroglucinol, and a procyanidin trimer was identified. The n-BuOH extract (11.5 g) was subjected to Sephadex LH-20 CC (35 x 475 mm) with MeOH/H 2 O 1:1-1:0 (4500 mL) as mobile phase. Based on their DPPH and 15-LO bioactivity in addition to the NMR spectra which indicated a high content of proanthocyanidins, fraction B6 (376 mg), B9 (713 mg) and B14 (2700 mg) were chosen for structure elucidation by phloroglucinol degradation and fraction B3 (705 mg) for re-chromatography. B3 was applied to a Sephadex LH-20 column (230 x 29 mm) and eluted with MeOH/H 2 O 1:1-1:0 (630 mL). Fraction B3.3 was chosen to undergo phloroglucinol degradation and found to contain procyanidin trimer. B6, B9 and B14 were identified as trimer, pentamer and hexamer procyanidins. The aqueous residue was taken to dryness and extracted with acetone, followed by methanol. The obtained fractions were subjected to NMR analysis. Degradation with phloroglucinol: In order to identify the monomeric subunits of proanthocyanidins, phloroglucinol degradation was carried out as described by Foo et al. [26] . Briefly, proanthocyanidin samples were reacted with phloroglucinol (1.4 mg/mg test sample) in 1% HCl in EtOH (5 mL) with continuous shaking until complete dissolution (ca. 15 min). The resulting solutions were fractionated on a Sephadex LH 20 column (25 × 150 mm) using EtOH as eluent. Reaction products from phloroglucinol degradation reaction were identified by TLC and 1 H-NMR.
DPPH scavenging and 15-LO inhibition assays:
Test substances dissolved in DMSO were assayed as previously [27] , Quercetin (Sigma-Aldrich) was used as a positive control. For both assays, samples were analysed in triplicate and results are given as averages ± SD. Student's t-test was used for the statistical evaluation. P <0.05 was considered statistically significant.
